A persistent current switch (PCS) is used for superconducting applications, such as superconducting magnetic energy storage (SMES) system. The authors have proposed a mechanical switch of Y-BaCu-O (YBCO) bulk as a mechanical PCS. In previous study, the authors have successfully reduced a residual resistance by depositing with metal on contact surface. This paper focused on a current carrying area (called a-spot) on contact surface and presented an effect of deposited metal on electrical contact characteristics in order to clear the contact mechanism. As the results of experiments and simulation using FEM, it became clear that it was effective for reducing the residual resistance from a view point of increasing the a-spot by depositing with metal.
Introduction
A persistent current switch (PCS) is used for superconducting coil run in a persistent current mode such as superconducting magnetic energy storage (SMES) system. Recently, this system was introduced to the factory in order to protect a grid against lightning surge. The authors have studied the applicability of a mechanical switch made of bulk hightemperature superconductor (HTS) to a PCS. A mechanical PCS has advantages that a loss is small during charging and discharging processes and a switching time is shorter than that of thermal and magnetic PCS's [1] . In general, metallic superconductors such as NbTi and Nb 3 Sn have been used as the component of the mechanical PCS. If one can use YBa 2 Cu 3 O 7−δ (YBCO) for the PCS, it can be operated at liquid nitrogen temperature, which will be beneficial for industrial applications.
In previous research, when the sample surfaces were carefully polished and deposited with metals in order to reduce the residual resistance, the authors have successfully reduced the residual resistance from 200 µΩ to 0.64 µΩ by depositing with silver on YBCO surface [6] .
This paper focused on the current carrying area (called a-spot) on contact surface in order to study in more depth about the effect of the deposited metal, contributed greatly for reduction of the residual resistance in previous study [3] - [6] . The authors experimentally investigated and measured the residual resistance between silver contact with certain curvature and YBCO sample with silver deposition layer for various surface conditions and layer thickness. Additionally, the load bearing area and deformation of deposited silver were analyzed with a finite element method (FEM) in order to clear the effect of the deposited metal. As these results, the authors presented a contact mechanism about the deposited metal achieved the reduction of residual resistance.
Experimental Procedure

Contact Materials
For the components of the mechanical PCS, the authors used melt-textured YBCO blocks (a composite of YBa 2 Cu 3 O y , Y 2 BaCuO 5 and 20wt%Ag) with dimensions of 1 × 1 × 1 cm 3 similar to those used in the previous reports [2] - [8] . In order to improve the mechanical strength and the thermal conductivity, silver was added to the sample. The electric current terminal was connected to the opposite side of the contact surface, and the voltage terminal to the adjacent side using an ultrasonic solder. Epoxy resin impregnation treatment was performed for the sample in vacuum except for the contact surface. The procedure for attaching electrodes onto the sample surface is schematically shown in Fig. 1 .
The authors also used curvature silver block for one of the contact sample pair (for upper contact) in order to realize the more stable contact [7] , [8] .
Surface Treatments
In this case, the surface treatments were carefully for quality control to ensure the arbitrary surface, and were composed of three processes as shown in Fig. 2 condition was determined by the any combination of roughness, washing and depositing with metals. All processes were controlled by time against dispersion of surface quality between the samples at same condition. In second process, an ultrasonic washing expected to the effect of more strong washing on the sample surface was used as well as the ethanol spraying. The authors prepared "Rough lapping sample (Type 1)," "Smooth lapping sample (Type 2)" and "Ultrasonic washing sample (Type 3)" by the two processes. Additionally, in third process, silver was deposited on the contact surface with a vacuum evaporator. Each sample condition was shown in Table 1 .
Experimental Setup
For mechanical contact, the authors used a tensile testing machine installed with a cryostat as shown in Fig. 3 . During the experiment the samples were cooled to 77 K with liquid nitrogen in the cryostat. Before current transport measurements, the authors applied a compression load of 50 N between two samples. Liquid nitrogen was transferred to the cryostat for cooling the samples. After a sufficient amount time of cooling, the current was applied to the sample several times with increasing and decreasing currents, and maximum current was 50 A. The contact voltage was measured with a four-terminal method.
Each surface roughness (R a ) was measured by surface roughness tester (Mitutoyo, Surftest 401).
Experimental Results and Discussions
Current Test
(a) V-I characteristics for each sample Figure 4 shows plot of the contact voltage versus transport current for YBCO (Y1: YBCO + Type 1) and deposited silver (Ag1) sample. All the V-I curves except for (Y1) were linear and thus ohmic on the current test by 50 A as shown in Fig. 4 . A transfer of residual resistance from lowresistance range to high-resistance range was observed in rough surface sample for (Y1). The transfer of residual resistance was also observed between YBCO samples in previous study, and it was assumed this phenomenon caused by transfer from superconducting to normal-conducting at the local area on YBCO surfaces [3] - [5] . In this case, the transfer was caused by current concentration on small a-spot, because all samples except for (Y1) were not observed the transfer of residual resistance by 50 A. The deposited silver sample was realized the stable characteristics of electrical contact because it was little depended on the surface condition.
(b) Effect of layer thickness Figure 5 shows plot of the residual resistance as a function of the thickness of deposited silver layer at the load of 50 N and 77 K for each sample, and the results of residual resistance for each sample as shown in Table 2 . This section describes the comparison of layer thickness based on Type 2 as shown in Fig. 5 . The residual resistance could be reduced by increasing the thickness of the deposited silver. These results are consistent with the previous studies [6] - [8] . A drastic improvement in the residual resistance was realized when the thickness of deposited silver was increased from 0.15 µm to 0.45 µm. However, such a drastic improvement was not observed when the thickness exceeded 0.45 µm, and the saturation was observed at around 0.60 µm. In addition, small increase in the residual resistance was observed when the thickness exceeded 0.60 µm. It was assumed that these characteristics were caused on the relationship between contact area and deposited silver resistance [8] . Therefore, the thickness of deposited silver had the optimal value from a view point of residual resistance, was 0.45-0.60 µm thick in this case.
(c) Effect of surface condition According to the results of current test as Fig. 5 , the residual resistance was reduced in order corresponding to Type 1, Type 2, and Type 3. The contribution of surface roughness was described difference the value of residual resistance between Type 1 and Type 2.
Similarly, the contribution of surface washing was described difference that between Type 2 and Type 3. The difference of resistance value by the surface roughness was caused of the contact area, and it was clear the smoother contact surface became, the more residual resistance was reduced. On the other hand, the difference of resistance value by the surface washing was depended on whether the cause of transition resistance such as oxygen layer and lapping chips could be cleared away or not. In deposited silver sample, transition resistance was no less than 4.8 µΩ, because the sample surface was exposed to air for a short time after the surface treatments.
The difference of resistance value between (Y) and (dAg) was depended on deformable contact surface. For example, in comparison of materials, deposited silver was not depended on the surface condition very much because silver hardness was softly than YBCO one. These results were clear that the residual resistance was greatly depended on the surface condition and the surface treatment was important to reduce the residual resistance.
(d) Estimation of a-spot size In this here, the a-spot was discussed from the calculation model for a-spot size as shown in Fig. 6 . This model was basically composed of conductor, constriction, deposited metal and transition resistance, and summation of four terms was equally the result of current test in Eq. (1) . Where the electrical resistivity of ρ Ag was 0.34 µΩcm and ρ dAg was 3.1-3.6 µΩcm at 77 K (given by measurement for every thickness as shown in Fig. 6 ), and S was the cross sectional area. Respectively, l was the distance between voltage terminals, a was the a-spot radius, and t was the thickness of deposited with metals. The transition resistance was given in the difference of resistance value between Type 2 and Type 3, and also considered the difference between rough surface and smooth surface samples. Figure 7 shows the results of a-spot size calculated by the model for each sample.
In the dependence of layer thickness, one can see that the a-spot size can be increased with increasing the layer thickness, and the saturation of the a-spot was not observed. However, it was estimated that the saturation of a-spot was observed at the more thick.
On the other hand, in the dependence of surface roughness, the a-spot sizes of rough surface samples (Type 1) were smaller than those of smooth surface samples (Type 2, 3).
Additionally, the difference of a-spot size between each sample quantitatively became clear. The effect of surface roughness was found the ratio of a-spot size of Type 1 and Type 2, 3, as the results, (Y) was 25% and (dAg) was 48%. The smaller this ratio became, the more the residual resistance became affected the surface condition include roughness and pollution because a-spot size was smaller. Therefore, depositing with silver on YBCO surface was effective at spreading the a-spot on contact surface. Figure 8 shows the results of surface roughness test for YBCO surfaces in lapping roughness of 12 µm and 1 µm. Center line average height R a was average of ten times measurement considered the crater on contact surface. In YBCO samples, R a of rough surface sample was 0.71 µm and that of smooth surface sample was 0.06 µm, and both R a values on each sample were smaller than each lapping roughness. The difference of R a value was depended on a-spot size such as Fig. 7 . Thus, it was estimated that the roughness on YBCO surface was important factor affecting directly a-spot size.
Surface Roughness Test
Surface Observation
This section describes the observation of surface conditions for after switching. Figure 9 shows the optical micrographs for YBCO sample (Y1) and deposited silver sample (Ag1). These were the micrographs of cathode contact when anode contact was the curvature silver sample.
Y123 (YBa 2 Cu 3 O y ) has superconducting characteristics, Y211 (Y 2 BaCuO 5 ) has normal-conducting characteristics and high resistivity and added silver were observed on typical YBCO surface [3] , [4] . The great number of craters was observed on YBCO surface, and they were about 10% on the surface [8] . In this here, it was assumed that a-spot ratio was higher on real contact area because the deposited silver made the current carrying area spread at the same time made the craters fill. In the micrographs after switching, the black discoloration was observed on YBCO surface at the circled part in Fig. 9(A) , on the other hand, was not observed on the deposited silver surface. It means that the YBCO surface was damaged due to the current conduction. It was clear a-spot size of YBCO sample was smaller than that of the deposited silver sample in current test. Such a small aspot caused a constriction current, which results in the generation of large heat at the local contacting point. In YBCO rough surface sample, it was evident that the heat caused by the constriction current and the residual resistance heavy damaged the contact surface. Furthermore the local heat generation was undesirable for the superconducting characteristics.
In previous research, it was apparent that the large heat at the local contacting point was generated the compositional variation from Y123 to Y211, and the composition of YBCO crystal was broken when the generated heat was more large [3] , [4] . Accordingly, it was important to limit the heat generation for using YBCO to the electrical contact. And, it was necessary to protect the damages by the heat generation, arc and mechanical contact. The metal deposition (especially silver deposition) on YBCO could be solved these problem because silver was good heat conductance and allowed the heat generation to escape to refrigerant, in this case liquid nitrogen, and silver was stronger than YBCO for damaging of the arc and mechanical contact [5] .
Therefore, the silver deposition on YBCO surface was taken on the function of not only the spreading of a-spot but also the modification of contact surface in other words, the durability enhancement for the useful electrical contact.
Simulations
Modeling
Through the measurements of the contact resistances, the authors learned that the residual resistance was strongly dependent on an effective contact area [3] - [8] . However, precise determination of the contact area is empirically impossible. Thus the authors performed simulation analyses using a finite element method, which was based on the three dimensional axis symmetrical model of the spherical surface versus the plane surface as shown in Fig. 10 . In this analysis, the YBCO block was considered to be rigid and the deposited silver layer was deformable. The geometry conditions and the materials parameters used for the simulation are presented in Table 3 .
Additionally, the authors discussed contact mechanism considered the surface roughness from a point of the deformation of deposited with metals in applying mechanical load. This case focused on node of center on deposited metal surface, and checked the displacement in direction of apply- ing load. Figure 11 shows the relation between the load bearing area and the thickness of deposited silver layer at the load of 50 N, and comparison of a-spot size. One can see that the load bearing area can be increased with increasing the layer thickness, and the saturation was observed at around 0.60 µm. In the comparison of a-spot with load bearing area, the increase of a-spot was still kept up at the load bearing area was saturated. The large different of resistance value between a-spot and load bearing area mean that the a-spot on contact using YBCO sample was much smaller than the load bearing area. According to the simulation results, the aspot ratio (a-spot/load bearing area) of deposited silver sample was higher than that of YBCO sample and the thicker the deposited silver became, the higher the a-spot ratio became as shown in Fig. 12. 
Load Bearing Area
Displacement in Direction of Applying Load
The result of analysis was shown in Fig. 13 , as the relation between displacement and mechanical load for 0.3, 0.6 and 0.9 µm thick. The displacement of center node on contact surface was increased with increasing the applying load, and the thicker the deposited silver became, the larger the displacement became. Each displacement in 50 N was −0.00642 µm at 0.3 µm thick, −0.0142 µm at 0.6 µm thick and −0.0220 µm at 0.9 µm thick. It is assumed that the deposited silver can be usually compensated the roughness of smooth lapping sample (R a was 0.06 µm) and the thicker the deposited silver became, the more the roughness was compensated, on the other hand, cannot be compensated the roughness of rough lapping sample (R a was 0.71 µm) from a view point of roughness of YBCO surface.
However, larger deformation of deposited silver was expected in the real contact because these analysis results were not considered the micro gaps on contact surface. In addition, when the YBCO surface was deposited by silver with the vacuum evaporator, the compensation of micro gaps on the surface by silver particle could be expected. Accordingly, it was assumed depositing with silver was compensated for the micro gaps on contact surface (YBCO) by "deposition process" and "deformation of deposited silver." The results of current test were supported this idea, and the effect of the surface roughness and silver deposition on the residual resistance was decided whether the deposited silver was compensated for the surface roughness and spread the a-spot size or not.
Contact Mechanism
The authors proposed the contact mechanism about the deposited silver achieved the reduction of residual resistance as shown in Fig. 14. In depositing with silver, there were two interfaces such as Ag/dAg and dAg/YBCO. Ag/dAg which was the interface between curvature silver sample and deposited silver was related to the load bearing area by deformation of the deposited silver, on the other hand, dAg/YBCO which was the interface between deposited silver and YBCO surface was related to the micro gaps on YBCO surface. In the former, it was clear that the load bearing area was saturated at around 0.60 µm and a-spot ratio was about 95% in previous research. In fact, it was assumed that the characteristic of Ag/dAg interface was greatly depended on spreading the load bearing area. The other was greatly depended on the surface condition on YBCO, and whether the deposited silver was compensated for the micro gaps and realized to spread the transport current on YBCO surface by increasing the layer thickness because of counteracting Y211 and craters on the surface. The thicker the deposited silver became, the more the reduction of residual resistance by these effects of the deposited silver became effectively. However, the thickness of deposited silver was optimal value, in this case was 0.45-0.60 µm thick because the thicker the deposited silver became, the more the self resistance of deposited silver was increased.
Therefore, depositing with silver on YBCO surface was effective to spreading load bearing area. Moreover, that was also effective to compensating micro gaps and spreading a-spot on YBCO surface. Additionally, it was important to deposit silver from a point of the improvement of electrical contact characteristics because depositing with silver could be realized not only low resistance but also protection of YBCO surface from the constriction current and large heat generation.
Conclusions
This paper focused on the current carrying area (called aspot) on contact surface in order to study in more depth about the effect of the deposited metal, contributed greatly for reduction of the residual resistance in previous study.
Summary of the Investigations
The following findings about the contact characteristics of each sample are shown by the experimental results.
(1) The residual resistance could be reduced by increasing the thickness of the deposited silver, and the saturation and increase of residual resistance was observed at around 0.45-0.60 µm.
(2) The residual resistance was greatly depended on the surface condition and the surface treatment, especially silver deposition was important to reduce the residual resistance.
(3) The silver deposition on YBCO surface was taken on the function of not only the spreading of a-spot but also the modification of contact surface in other words, the durability enhancement for the useful electrical contact.
Furthermore, the simulation results about the deformation of deposited silver layer are summarized as follows;
(1) The load bearing area can be increased with increasing the layer thickness, and the saturation was observed at around 0.60 µm.
(2) The a-spot ratio of deposited silver sample was higher than that of YBCO sample and the thicker the deposited silver became, the higher the a-spot ratio became.
(3) The deposited silver was compensated for the micro gaps on contact surface (YBCO) by "deposition process" and "deformation of deposited silver."
According to these results and findings, depositing with silver on YBCO surface was improved the electrical contact characteristics such as the reduction of residual resistance and the protection of YBCO surface from the constriction current and large heat generation.
Summary of the Contact Mechanism and Future Works
In this case, there were two interfaces as Ag/dAg and dAg/YBCO. It was clear that Ag/dAg was related to the load bearing area by deformation of the deposited silver, on the other hand, dAg/YBCO was related to the YBCO surface condition as the micro gaps and Y211 normal-conductive area. Depositing with silver on YBCO surface was effective to spreading load bearing area. Moreover, that was also effective to compensating micro gaps and spreading a-spot on YBCO surface. These results and findings in this paper may be available for further design of PCS using bulk high-temperature superconductor.
In addition, the authors try to consider the method of silver layer formation in order to more improve the electrical contact characteristics and study on the transition characteristics in consideration of tunneling effect and Josephson junction.
